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During the biosynthesis and maintenance of cellular membranes, the process of targeting and membrane insertion of incipient membrane proteins is promoted by their attachment to a leader or signal sequence oligopeptide (LSO). These are usually N-terminal extensions of nuclearencoded proteins that appear to contain the instructions necessary to target themselves to a particular membrane or its corresponding compartment. Despite an abundance of information, Abbreviations used: LSO, leadedsignal sequence oligopeptide; GIP, general insertion pore; Hsp, heat shock protein; FPE, Auoresceinphosphatidylethanolamine. *To whom correspondence should be addressed. the mechanisms that underlie targeting and membrane insertion, particularly in eukaryotic systems, are still somewhat unclear [ 1, 2] . There are a number of possible mechanisms, most of which require some kind of receptor-mediated process. Some receptors occur free in the cytoplasm, such as the signal recognition particle, and combine with a nascent protein prior to translocation [3], or they may be located on or within a target membrane structure. One such putative receptor complex, in the mitochondrial outer membrane, is suggested by Neupert and co-workers [2] to consist of at least seven different proteins. Two of these, identified as MOM19 and MOM72, function as surface receptors for nuclear-coded preproteins. Interestingly, four other subunits (MOM38, MOM30, MOM8, and MOM7) have been suggested to constitute a structure called the general insertion pore (GIP). Yet another structure (MOM22) is thought to be anchored in the outer membrane by a single transmembrane segment and to possess a highly negative N-terminal domain exposed to the cytosol and the C-terminal domain exposed to the intermembrane space. MOM22 appears to be a central component of the receptor complex required for the transfer of preproteins from the receptors to the GIP. A negatively charged domain of MOM22 may well be involved in the transfer of positively charged signal sequences.
Stuart et al. [4] have also studied the role that Hsp70 proteins (a family of 70 kilodalton heat shock proteins) may play in acting as molecular chaperones for mitochondrial membrane protein biogenesis. Hsp70 proteins appear to elicit their effects by interacting with polypeptides that present domains which exhibit nonnative conformations at some stage of their processing. Thus, the Hsp70 proteins may function in the synthesis, translocation across the membrane, folding and finally the delivery of such misfolded proteins to proteases in the mitochondrial matrix.
T h e overall processing may be similar or different for proteins destined for the inner mitochondrial membrane rather than the matrix. As yet, however, the molecular recognition event(s) between the LSO and the receptor remain elusive and even the nature of interaction does not seem to be simply a matter of a coulombic attraction. The signal peptides, despite their evident simplicity as compared with their attendant proteins, for example, possess many functional groups and potentially may behave in a number of ways. Many such peptides and their analogues (such as melittin) exhibit a rich phenomenology of structural and functional properties including aggregation of membrane proteins, membrane lysis and some types of quaternary structure formation [5-71. On the other hand, the sequences of LSOs destined for a given intracellular compartment show little homology, and it is not really clear in which structures or at what level the elemental targeting information resides [8] . Nevertheless, these peptides are deemed to exhibit 'consensus' structures, or in other words they possess some characteristics or patterns of molecular characteristics which appear to be common to a number of LSOs [ 1, 8] . Leader sequences appropriate for targeting 972 mitochondria, for example, exhibit consensus structures that are enriched in positively charged, hydroxylated and non-polar amino acid residues.
The possibility also exists, however, that perhaps consensus LSO structures really only reflect the requirement that they must be amphipathic and positively charged so that they may interact with membranes which are usually negatively charged. T h e targeting and insertion properties then may reside in a particular molecular recognition event that must be promoted by the interaction of the LSO with some protein-based template located onlwithin the target membrane structure (e.g. the GIP protein This does not really satisfy the question of the lack of LSO sequence similarity, however, which ought to be expressed more clearly if amino acid side chains with particular properties are necessary for recognition mechanisms that underlie targeting. One obvious solution, of course, is that each leader or signal sequence may possess an independent or uniquely corresponding recognition site or protein located within the target membrane. For reasons of biological economy as well as aesthetics this is not really satisfactory. It is much more likely that there are properties of the LSOs manifest in the transitions from the membrane surface to the hydrophobic interior that are yet to be defined.
An understanding of the nature of the interaction of the LSOs with target structures, therefore, would benefit from information of the structure of the LSOs under the following circumstances: before encounter with the membrane, during the initial encounter with the membrane surface, following binding and finally insertion into the body of the membrane. Similarly, the question of whether the LSO interacts with the phospholipid components of the membrane prior to the interaction with the putative membrane receptor sites has also not been fully addressed. In view of the well-documented interactions of the LSOs with artificial membranes, however, some interaction with the lipid may well prelude an encounter with the putative membrane receptor [8, 9] .
Direct information of the structural transitions accompanying the movement of the LSO between these phases would be most interesting and could be compared with theoretical modelling studies of the same processes. Molecular modelling of the LSO structures is quite feasible Volume 23 as the LSOs are rarely very large, and this has been undertaken in our laboratories with the LSO of subunit IV of mammalian cytochrome c oxidase, known as p25 (P. Gouldson, C. Golding and P. O'Shea, unpublished work). Major conputational complications arise, however, because the LSO undergoes movement from the aqueous bulk phase to the membrane solution interface and then actually into the body of the membrane. T h e solvent and dielectric environment experienced by the LSO, therefore, changes from the highly polar aqueous environment to a highly non-polar environment represented by the membrane interior via the much less well defined region of the membrane-solution interface. The latter in particular possesses its own dielectric properties, which are distinct from the other phases [lo] . T h e dielectric changes occur in a non-linear fashion, and in our view [ 101 different parts of the peptide may well occupy different regions of this three-dielectric phase system. Thus, in order to predict the structure of the whole peptide, information must also be included in the modelling parameters regarding the dielectric environments of the various sections of the peptide. In light of the studies reported here In many ways, the foregoing problems have been outlined with a view to obtaining a paradigm or set of principles for the targeting of LSOs and their mechanisms of interaction, but this has not been wholly satisfactory. They are further compromised by the fact that many studies of the interactions of LSOs with membranes involve conjugation of LSOs with reporter molecules. If these are radioactive, this precludes kinetic studies, or if a large chromophore is conjugated, this inevitably introduces elements of doubt that such chemical modifications may interfere with the membrane interaction (see e.g.
T o address some of these problems, an effectively non-invasive strategy has been implemented to study the interactions of p25 with artificial membranes. This approach relies on the premise that by binding to membranes, positively charged oligopeptides are likely to interfere with the electrostatic field on the membrane surface; by exploiting such changes as revealed by a fluorimetric technique, information of the interactions of the LSO is accessible. The underlying theory of the measurement technique is outlined by Wall et al. [10, 13] Proposed sequence of interactions of p25 with phospholipid membrane (i) p25 random structure: diffusion-limited collision with membrane; (ii) p25 binds to membrane, effectively adding six positive charges per molecule; (iii) about six or seven amino acids representing about two positive charges at the N-terminal section of p25 inserted into the membrane leaving about four positive charges on the surface; (iv) the membrane-inserted section adopts a new conformation, likely to be helical; (v) proposed energy-minimized structure of the p25-membrane complex. The sequence was buiit using PlMMS (Oxford Molecular Ltd., U.K.). Energy minimization over 40 ps at 298 K was performed using AMBER 4. I . The illustrated ribbon structure was generated using Whatif (EMBL, Heidelberg, Germany). brane surface. This technique, therefore, also offers quantitative information on the insertion of the peptides into and possibly across the phospholipid membrane within the same experiment as that of the binding.
It's worth emphasizing that, although use of the FPE-based technique requires a change of the electrostatic potential at the membrane surface following the interaction of the LSO with the membrane, the physical basis of the membrane interaction is not required to be solely coulombic in origin. Furthermore, although the electrostatic potential undoubtedly will also affect the binding properties of some peptides, the changes resulting from binding are relatively small. Thus, in other words, if the dominant mode of interaction between the membrane and the LSO is hydrophobic in nature or other electrodynamic interactions (i.e. van der Waals, etc.) feature, provided there are also changes of the electrostatic potential on the membrane surface, then the FPE-based technique can act as an indicator of the process. This means that the technique may also yield information of conformational changes subsequent to the initial membrane binding of the LSO.
Studies have also been performed with FPE active solely on the inner bilayer leaflet of the phospholipid membrane [ 101. This permits identification of whether peptides become fully transmembrane after their binding. In the case of melittin, which has been used as a model membrane-active peptide [6], additions of peptide to inside-active FPE liposomes did not lead to any changes of the electrostatic potential of the inner vesicular membrane surface, as judged by the lack of signal changes. This was interpreted to indicate that melittin does not become fully transmembrane, i.e. to actually span the membrane from one side to the other, following insertion into the bilayer.
It has also proved possible to label native biological membranes with FPE, such as human cells and organelles such as mitochondria ( [13 (Figure 3 ). The various phases of the fluorescence changes were found to be described best by double-exponential processes and are included in Figures 2 and 3 .
The major conclusions after the data analysis of the interaction of p25 with the phospholipid membrane are that the binding kinetics appear to be more or less pseudofirst order. The extent of binding appears to exhibit saturation; the concentration of p25 necessary for half saturation is about 2 pM. At much higher concentrations, and depending on the lipid system, the presence of large amounts of p25 on the membrane surface affects further binding and the kinetics become very complicated [ 111. The corresponding data of membrane insertion of p25 exhibit half saturation at about 4 pM.
The temperature dependence of the interactions of p25 with the phosphatidylcholine membranes, as shown in Figure 3 , bears all the hallmarks of a reversible process with the rates increasing but the extent of the reactions decreasing with increasing temperature. Arrhenius anlayses of these data indicate that the activation energies of the binding events are of the order of 6 kJlmol and 16 kJlmol for the respective components of the double-exponential process. An Arrhenius analysis of the membrane-insertion process indicates that the respective activation energies for the double exponential process are 13 kJ/mol and 28 kJlmol. The energetics of the binding process appear to indicate that binding may involve both hydrophobic interactions and perhaps coulombic interactions. A more comprehensive analysis of the respective components of binding and insertion will be published (C. A. In order to shed light on any structural changes of p25 that may take place during and after the membrane binding, it was considered worthwhile to perform time-resolved studies of the circular dichroism spectroscopy (C. A. Golding, M. T. Wilson and P. s. O'Shea, unpublished work). Changes of secondary structure were indeed evident and found to correlate kinetically with the insertion phase of the p25-membrane interaction but not with the binding phase. It seems reasonable to conclude from the above studies at least in the case of p25 as a leader sequence that it is likely to interact with the phospholipid components of a membrane. Following the initial binding, a part of the peptide would then appear to insert into the membrane and to finally adopt some kind of helical secondary structure. At this stage, however, it is not clear which part of the peptide actually inserts into the membrane and which part remains on the membrane surface. Unpublished work (P. Goudson, C. Golding and P. O'Shea) involving the energetic modelling of the respective parts of the peptide was undertaken, therefore, with this problem in mind. Initially, hydropathic plots of p25 were performed in order to locate parts of the sequence that would be likely to inhabit a membrane environment rather than the membrane surfacelsolution phase and vice versa.
This analysis was not wholly convincing but indicated that the N-terminal region of about 6-9 residues could conceivably occupy the interior of a membrane. Furthermore, some of these residues were likely to form membrane-located helices, and, after energy-minimization studies of these particular segments, an intra-membrane helix formation was found to be a possibility, as illustrated in Figure 1 .
By way of a summary, the leader sequences appropriate for targeting to mitochondria are able to bind and partially insert into phospholipid membranes; these processes are also influenced by the types of lipid present (see e.g. [9, 10] ). As the sequence of p25 that inserts into the membrane is not the section which is nearest, i.e. closely attached to the nascent membrane protein, this could be a plausible mechanism aiding protein insertion into membrane. On the other hand, there is also a large body of literature that strongly supports the contention that receptormediated processes underlie the peptide import process. All these points of view are not mutually exclusive for it could be that the prior interaction of the LSO with the phospholipid membrane is necessary in order for the LSO to present itself to a receptor complex. In the case of p25, for example, a part of the molecule is induced to form a secondary structure after insertion into the body of the membrane, as shown in Figure 1 . It may well be that only in this form does recognition between the receptor complexes such as MOM22 and an LSO take place. Alternatively, the inducement of the p25 secondary structure may simply be an epiphenomenon of the membrane environment, and the molecular recognition between receptor and peptide requires other recognition criteria that do not involve helix formation of the LSO. As it turns out, recent unpublished work involving membrane protein reconstitution, in our laboratory, favours the latter possibility. Thus the peptide targeting information may reside in a variety of properties, the patterns of which do not seem to be flagged by the present sequence-similarity identification algorithms.
